An all sky optical imaging system was operated from Sriharikota rocket range (SHAR) (14
Introduction
Ionospheric plasma depletions, bubbles or holes represent strong decrease of F-region plasma density over large spatial scales. These are localized depletions in plasma density with spatial dimensions of the order of a few tens to a few hundred kilometers across the magnetic field. Hereafter, the term plasma depletion will be used to represent such large decrease in plasma density. These large-scale structures represent the outer scale of the equatorial spread F (ESF) irregularity spectrum. As the outer scale of ESF structures governs the subsequent development and characteristics of the irregularity spectrum, a full description of plasma depletions could lead to a better understanding of the generation of ESF irregularities.
Plasma depletions were discovered as 'ion density biteouts' by Hanson and Sanatani (1973) using in-situ satellite borne probes. These localized, irregular depletions in ion density were subsequently studied by others using insitu techniques (Kelley et al., 1976; McClure et al., 1977; Benson and Brinton, 1983; Jahn et al., 1997; Copy right c The Society of Geomagnetism and Earth, Planetary and Space Sciences (SGEPSS); The Seismological Society of Japan; The Volcanological Society of Japan; The Geodetic Society of Japan; The Japanese Society for Planetary Sciences. 1997b). Plasma depletions are mostly aligned to the geomagnetic field with plasma density decreases up to about 3 orders of magnitudes or 99.9% of the background (McClure et al., 1977) . These depletions are generally produced over geomagnetic equator and they convect upward at large velocities through the F layer peak to the topside ionosphere, reaching altitudes as high as 1200 km or more (Woodman and LaHoz, 1976) . Some examples of very fast equatorial bubbles have also been reported by Hanson et al. (1997) . Subsequently, they diffuse down the magnetic field lines to lower altitudes at low latitudes. The plasma inside the depletions has been found to have velocities both perpendicular and parallel to the geomagnetic field (Hanson and Bamgboye, 1984; Aggson et al., 1992) . The post-sunset equatorial F layer can become unstable under the influence of any disturbance produced by gravity waves, neutral winds or some other source and can generate plasma irregularities through Rayleigh-Taylor instability (RTI) (Hysell et al., 1990; Singh et al., 1997a) . Steep plasma density gradients produced by the primary long wavelength Rayleigh-Taylor mode, create a condition which leads to the hierarchy of plasma instabilities giving rise to smaller scale irregularities.
Plasma depletions, which are generated through RTI process, manifest as regions of low intensity in the night airglow images. Thus the morphology and the dynamics of these field aligned transequatorial ionospheric plasma depletions can be monitored through ground based observations of the intensities of various ionospheric night airglow emissions. Atomic oxygen emissions, which are produced as a result of F-region recombination processes, are very important diagnostic tools to study large scale F-region irregularities, such as plasma depletions. The OI emissions at 777.4 nm and 630 nm are particularly suitable for ground based mapping of plasma depletions when they are located around F 2 peak and around 250 km, respectively. The 630 nm airglow line is emitted by O ( 1 D) atoms which are produced by the dissociative recombination of O 2 + with electrons during nighttime (Hays et al., 1978) . The 777.4 nm emission, first discovered by Weil and Joseph (1970) , results mainly from the radiative recombination of O + and electrons in the ionospheric F-region.
Equatorial plasma depletions have been studied earlier using the all sky optical imaging technique Mendillo and Baumgardner, 1982; Rohrbaugh et al., 1989; Sinha et al., 1991; Mukherjee et al., 1993; Sahai et al., 1994; Sinha et al., 1996; Mendillo et al., 1997a, b; Taylor et al., 1997; Tinsley et al., 1997; Bittencourt et al., 1997; Fagundes et al., 1997 Fagundes et al., , 1999 . Bulk of the observations using the imaging technique have come from the American and Pacific sectors. This paper presents some novel features related to plasma depletions in the Indian sector.
Observations
An all sky optical imaging system was operated at SHAR (14
• N, 80
• E, 5.5
• N dip latitude) from January to March 1993 to photograph ionospheric plasma depletions. During this period, a ground-based ionosonde was operated at SHAR and VHF scintillations were recorded at Ahmedabad, SHAR and Waltair using the 244 MHz beacon onboard the geostationary satellite FLEETSAT (73 • E). Details of the imaging system developed at the Physical Research Laboratory (PRL), occurrence of spread F during this campaign and manifestation of irregularities in VHF scintillation records taken from stations near the geomagnetic equator to the crest of equatorial anomaly were reported earlier (Sinha et al., 1996) . Strong depletions were observed in February. During this month, out of 10 nights of continuous observations, depletions were seen on 4 nights viz. 14, 17, 19 and 21 February 1993. There was a rocket flight on 19 February, 1993 from SHAR and hence the whole rocket range was lighted with the result that only a few images could be taken on the night of 19 February, 1993 (Sridharan et al., 1997 . Sinha et al. (1996) have reported some of the observations obtained on the night of 21 February 1993. Some new and interesting features of plasma depletions, seen in the airglow images during these four nights, which had intense ESF activity, are presented here.
Image Processing Procedure
All the airglow images, which were recorded on 35 mm film were digitized using CCD-based digitizing system yielding an array of 512 × 512 × 8 bits. In order to take care of the image intensifier noise, flat fielding and variable exposure, following image-processing procedures were used. Using a light emitting diode (LED) as a light source, a condensing lens system, to diffuse the light uniformly, and using an unexposed film as a screen, a number of frames were grabbed. These frames represented flat field frames. An average of 10 such flat field frames was taken to generate the "master flat field frame" for the CCD camera employed for digitizing. For generating a frame for the removal of the noise of the image intensifier, the front cover of the fish eye lens was closed and 30, 60 and 120 s exposures were taken before, during and after the observing period. All such frames having same exposure time were averaged and a "master noise frame" for the image intensifier noise was generated for each of the exposure times. The data frames were then normalized with the "master flat field frame", to remove the non-uniformities of the illumination of the digitizing system and with the "master noise frame", to remove the image intensifier noise. Thus a series of data frames was obtained for a particular exposure time. Next, all these frames were averaged to generate a "background frame". This "background frame" was subtracted from the data frames to remove all the stationary features such as the station illumination, building lights, etc. and thus enhancing the non-stationary features such as the plasma depletions. As no calibration with the standard source was performed, the airglow intensities of all the images reported here are only relative values.
As mentioned earlier, all the images were grabbed in 512× 512×8 bit format. The size of the image at the image intensifier was a circle of 23 mm diameter. If the imager is mounted exactly vertically, the center of the image corresponds to local zenith. As one moves away from the center of the image, the field of view increases non-linearly, becoming ±90
• at both edges. Thus using the response curve of the fish eye lens, supplied by the manufacturers, one can calculate the zenith angle of a particular pixel as a function of the distance from the center of the image. Next, assuming that 630 nm and 777.4 nm emissions come from layers which have their centroids approximately at 250 km and 350 km, respectively, the exact location of any particular pixel can be determined uniquely. In this way one can determine the horizontal distances in the image. In view of the facts a) that the actual image of the sky made by the optical system was slightly smaller than the CCD array size and b) that the image is compressed near the edges of the FOV in case of a fish eye lens, the usable image data is only 300 pixels, i.e., 256 ± 150 pixels. As, for the present observations, the imager was mounted exactly vertically, the center of the image, which has the pixel number 256 both in the E-W and N-S direction, corresponds to the local zenith. In order to estimate plasma depletion parameters, viz., the location of depletions and enhancements, degree of depletion, east-west extent of the depletions and inter-depletion distance, eight pixels in the N-S direction, around the 256th pixel, were averaged for each pixel in the horizontal (E-W) direction. This gave the variation of airglow intensity (in relative units) in the east-west direction along the centre of the image at the zenith. The eastern and western edges of plasma depletions/enhancements were then identified from these E-W scans and the middle point of both these edges was termed as the exact location of that particular depletion. Inter-depletion distances between two depletions were calculated with respect to the centers of the individual depletions. As we have calculated the depletion parameters from the E-W scans of the airglow intensity through local zenith, no latitudinal (N-S) effects will show up.
Results
Spread F activity over SHAR during the observation campaign was monitored using a KEL ionosonde. All the four nights for which observations were made (14, 17, 19 and 21 February, 1993) were spread F nights. One such sample of ionograms taken on the night of 14/15 February, 1993 is shown in Fig. 1 . It is observed that the first trace of diffuse echoes appeared around 1930 LT and by 2030 LT the spread F was well developed as seen by the intense spread of echoes in the ionogram. ESF persisted up to 0115 LT after which the ionogram traces were clean. Intense spread F activity was present on the night of 17, 19 and 21 February, 1993 also. All the nights of observations, except 17 February, 1993, were magnetically quiet nights. On 17 February, 1993, there was a strong solar flare at 1040 UT, wherein, the solar Xray flux in 1-8 A increased by a factor of about 28. This flare was followed by a strong magnetic storm. The three hourly magnetic index, K p , just before and during the period of observations was 7 − and 6 − , respectively (Table 1) . Figure 1 shows a series of ionograms taken from SHAR on the night of 14/15 February, 1993. As seen in Fig. 1 , the spread F activity started around 1930 LT on 14 February, 1993 and disappeared around 0130 LT. The first 630 nm image, in which plasma depletions could be clearly identified, was recorded at 2116 LT. Several plasma depletions could be seen in images recorded up to 2257 LT, beyond which depletions could not be seen in the images. Figure 2 displays the 630 nm airglow images obtained on 14 February 1993 at 2116, 2126, 2136, 2141, 2146 and 2257 LT. Dark region represents low airglow intensity and are thus associated with regions where electron density is depleted relative to the background. At 2116 hrs LT three depletions are clearly seen, two on the western side and one on the eastern side. At 2126 LT all the three depletions have moved eastwards and the depletion on the eastern side has weakened. The central depletion becomes deeper i.e. the airglow intensity decreases significantly for this depletion, and it is flanked on both sides by very extended regions of enhanced airglow intensity. Subsequently, airglow enhancements occupy more regions in the images. At 2136 and 2141 LT, enhancements around both the depletions, became much brighter. At 2146 LT, the enhancement around the western depletion had become less pronounced. At 2257 LT, although the depletion had weakened, the enhancements on both sides became prominent once again. Figure 3 shows the development and movement of plasma depletions on the night of 17 February 1993. Unlike the images shown earlier, depletions observed on the night of 17 February 1993 are very much extended in the east-west direction. The region surrounding the depletion shows an increase of intensity from 2216 LT onwards. As the depletions observed on this night were quite extended, the inter-depletion distance was also large and ranged between 1500 km and 1600 km. Another sequence of three images taken on the night of 19 February, 1993, (not shown here) also showed the presence of two depletions flanked by enhancements on either side.
Plasma depletions
On the night of 21 February, 1993, observations could be started only at 2200 LT due to unsuitable conditions for imaging. Airglow depletions at 630 nm were present right from the starting of the observations, became prominent around 2256 LT, were strongest at 2346 LT and disappeared by 0100 LT. Few examples of pronounced depletions, as seen in 630 nm images, at 2256, 2316, 2326, 0006, 0016 and 0021 LT during this night are shown in Fig. 4(a) .
On the same night, airglow depletions at 777.4 nm emis- sion, were also observed right from 2200 LT and some of the prominent ones are shown in Fig. 4(b) . The overall intensity of 777.4 nm emission is smaller than 630 nm emission. The presence of very weak depletions can be seen in 777.4 images at 23:13:45 LT. These depletions develop with time and by around 23:43:45 LT two depletions are seen very prominently and both of these are flanked by enhanced airglow intensity on either side of both the depletions. After the midnight the depletions start becoming weak and no significant depletion can be seen beyond 00:13:45 LT. An important feature which was observed on this night was the sudden increase in the airglow intensity in the whole image at 0006 LT, which took shape of a brightness wave at 0016 LT, before weakening at 0021 LT. Similar brightening of a very large part of the field of view was observed in 777.4 nm images at 00:08:45 LT. But these enhancements were slightly smaller in magnitude than those observed on 14 and 17 February, 1993. Figure 5 shows a sample image obtained at 2251 LT in 630 nm along with a 3-d surface map which provides a unique tool for studying the modulations in the bottom side of the F-region. This image contains a very prominent depletion, which appears as a dark band in the centre. This depletion and a large enhancement on the eastern side can be seen much more clearly in the surface plot in the same figure. A very interesting feature noticed from the images is that the depletions are not aligned to the geomagnetic field but have an eastward tilt, which varies between 10-15
• . These tilts can be seen very clearly in 630 nm and 777.4 nm images shown in Fig. 4 . Similar tilts were present in images obtained on the other nights also.
East-west extent and degree of depletion
Multiple depletions were seen clearly on nights of 14, 17, 19 and 21 February, 1993. These depletions were having varying degree of depletion. The east-west extent of all depletions seen at zenith over SHAR was calculated as mentioned in Section 3 and the same is plotted as a function of degree of depletion with respect to the background in Fig. 6 , for 630 nm and 777.4 nm images. One of the interesting observations is that the east-west extent of the depletions is found to vary with the depletion depth. Shallower depletions appear to be associated with smaller zonal width as compared to steep depletions. A straight line fit to all the curves, shows that for the 630 nm images the degree of depletion ranges between 6 to 9% per 100 km east-west extent and for 777.4 nm images, where the scatter is slightly more, it is about 3% per 100 km east-west extent. Thus regions having high degree of depletions are observed to be associated with larger depletion widths as compared to shallower depletions. This appears to be the manifestation of the fact that deeper depletions are characterized by large amplitudes and represent well developed irregularities, while shallower depletions depict weaker irregularities, which are in their formative stages.
Plasma enhancements / brightness patterns
East-west scans of relative airglow intensity through local zenith for the images at 2216, 2221, and 2226 LT on 17 February, 1993 are shown in Fig. 7 . First pixel in Fig. 7 represents the western most part of the image and the last pixel represents the eastern part. On the night of 17 February, 1993, smaller enhancements are first seen at 2216 LT, 1993 around pixel numbers 49 and 232. At 2216 LT, the relative increase in the intensity for the enhancements on the western side (centered around 49th pixel) and on the eastern side, (centered around 232nd pixel) was by factors of 3.8 and 1.7, respectively. The western and eastern enhancements have spatial extents of 705 km and 486 km, respectively and both are separated by 1464 km. By 2221 LT, the intensities of both the enhancements increase by factors of 1.75 and 1.42, respectively and they are characterized by east-west extents of 551 km and 584 km and are separated by 1456 km. The enhancement seen around 2216 hrs LT was found to drift eastwards with a velocity of 160 ms −1 , which decreases to 133 ms −1 , by 2226 LT. The drift velocity of the eastern enhancement increases from 133 ms −1 to 160 ms −1 eastwards at 2256 LT. An increase in degree of enhancement is noticed at around 2226 hrs LT where the relative airglow intensity increases by factors of 1.98 and 1.34 for the western and eastern enhancements, respectively. The zonal widths of these enhancements, which are separated by about 1464 km, are 568 km and 665 km, respectively. These brightness patterns also lasted for more than 15 minutes.
Enhancements in 630 nm airglow intensity were seen very prominently at 0006 LT and 0016 LT on the night of 21 February, 1993 (Fig. 4(a) ) also. Airglow intensity in this case increased by factor of 1.5-1.8. These brightness patterns also lasted for nearly 15 minutes. Large enhancements in airglow intensity (up to a factor of 2), lasting for more than 15 minutes were also observed on the night of 14 February, 1993.
Drift velocity of plasma depletions
As all the observed plasma depletions displayed eastward motions throughout the night, an attempt was made to determine the eastward velocity of these depletions from the series of 630 nm images. For this purpose, the images were scanned in the east-west direction through zenith, to obtain a cross-section of the brightness pattern for each depletion from which the spatial shifts were determined. The error in our estimates of drift velocity was ±10%. Velocities were found to lie between 40 ± 4 and 190 ± 19 ms −1 in the eastward direction as shown in Fig. 8 . Total east-west extent covered by 300 pixels is about 2400 km.
Peru (16.5 • S, 72
• W) which agrees closely with the values obtained from the drift model (Fejer, 1991) which are shown as solid line. The dashed line in Fig. 8 displays the eastward velocity obtained using from the total electron content (TEC) measurements made at Cachoeira Paulista (22.7
• S, 45.0 • W, dip latitude 15.8
• S) using VHF radio beacon on GOES 3 (Abdu et al., 1985) . They showed TEC fluctuations to be the manifestation of plasma bubble dynamics in the equatorial ionosphere, since they were strongly correlated with range type spread F and amplitude scintillations. Different scale sizes producing TEC fluctuations are expected to drift with the same east-west speed as they are colocated within a plasma depletion (Tsunoda and Towle, 1979; Szuszczewicz et al., 1980) . It can be seen from the Fig. 8 that the decrease in irregularity speed with respect to the local time over SHAR is consistent with the trend seen at Cachoeira Paulista and Arequipa. However, the drift velocities obtained from our data are slightly higher than those observed at Arequipa, Peru (16.5
• S, 72
• W) and are smaller than those observed at Cachoeira Paulista (22
• S, 45 • W).
Discussion

Inter Depletion Distance (IDD)
It has been mentioned earlier that 630 nm emission originates from the bottomside of the F layer and airglow depletions in 630 nm line are associated with bottomside structures in the F layer . Thus the 3-D surface maps of the airglow images provide a unique way for studying the modulation of the bottomside F layer. 3-D surface maps showing wave like structures are shown in Fig. 5 . The distance between adjacent depletions, the inter depletion distance (IDD), is representative of the scale size of the altitude modulated F layer which, in turn, can throw light on the source responsible for the modulation of the bottomside F layer. IDD as observed in our data is found to vary between 400 km to about 1600 km. Plumes observed in the RTI maps of radar (Tsunoda and White, 1981; Tsunoda et al., 1982; Tsunoda, 1983; Kelley et al., 1986) correspond to depletions that are usually generated near the crest of large scale upwellings. The primary plume spacing seen in the RTI maps is about 400-600 km. However, it is to be noted that the plume spacing is derived from radar maps by assuming a mean horizontal plasma drift speed. IDD inferred from airglow images in the present study are more realistic as the images are the snapshots giving the instantaneous picture. A quick look at Table 1 shows that the average inter-depletion distance (IDD) is very large (1562 km) on 17 February, 1993, which was a highly magnetically disturbed day. On the other days of observation, the average IDD was 682 km, 865 km and 794 km in 630 nm images and 800 km in 777.4 nm images.
The separation between the adjacent depletions (IDD) observed by us suggests that gravity waves might be the seeding agency for generating such large scale structures as pointed out earlier by Kelley et al. (1981) and Hysell et al. (1990) . As described by Kelley et al. (1981) , gravity waves responsible for producing seed perturbations for the equatorial spread F can have sources in the ionosphere or in the lower atmosphere. The gravity waves in the ionosphere are associated with magnetic disturbances in the auroral zone and have horizontal wavelengths in excess of 1000 km and periods in the range of 15-min to a few hours. The gravity waves having their sources in the lower atmosphere, generally have wavelengths smaller than 1000 km. Kelley et al. (1981) have experimentally found the horizontal wavelength of such gravity waves to be in the range of 680 ± 50 km. In view of this, we feel that the inter-depletion distance of 1480-1600 km, observed by us on 17 February, 1993, which was a magnetically disturbed day, could be an experimental evidence of modulation of the bottom side electron density of the F-region by gravity waves, having their origin in the auroral region. The average inter-depletion distance range of 682-865 km observed on 14, 19 and 21 February, 1993, which were magnetically quiet days, appears suggestive of the modulation by gravity waves having their origin in the lower atmosphere. The wavelengths of 682 to 865 km, observed on the quiet days, are well within the permissible solutions of the gravity wave dispersion relation as shown in Fig. 6 of Kelley et al. (1981) .
There have been a number of other observations which point to the gravity wave initiation of the seed perturbation of the equatorial spread F. F-region gravity wave airglow signatures were imaged at Arecibo (18 Nottingham et al. (1994) and Mendillo et al. (1997b) and at Cachoeira Paulista (22
• 41 S, 45
• 00 W, dip 28 • S) by Sobral et al. (1997) . Singh et al. (1997a) presented examples of plasma bubble development from wavy ion density structures in the bottomside F layer using Atmosphere Explorer E data. The wavy structures mostly had east-west wavelengths of 150-800 km with a exception of 3000 km in one case. Singh et al. (1997a) found that in a fully developed equatorial spread F case, east-west wavelengths varying between 0.5 km to 690 km occurred simultaneously and they presented observations showing that the spacing between bubble patches appeared to be determined by the wavelengths present in the precursor wave structure.
Tilts
As mentioned earlier, our airglow images showed depletions which exhibited eastward tilts. Initial results from airborne measurements conducted within a few degrees, of the magnetic equator Buchau et al., 1978) revealed that depletions were N-S aligned close to the geomagnetic equator but a skewness was observed for depletions far from the equator. In a subsequent study from a region north of Ascension Island (7.9
• S, 14.4
• W, dip lat. 16
• S), Weber et al. (1980) observed westward tilts near the poleward ends of the depletions. Subsequent ground based studies, using all sky imaging system (Mendillo and Baumgardner, 1982; Mendillo and Tyler, 1983) , showed that the depletions observed from Ascension Island display westward tilts which seemed to be the optical manifestation of the westward tilts of the plumes recorded by incoherent scatter radar (Woodman and LaHoz, 1976; Tsunoda, 1980) and by in-situ probes (McClure et al., 1977) . Woodman and LaHoz (1976) proposed that an eastward neutral wind blowing through a depleted region could polarize the depletion so that it drifts eastward with velocity less than the ambient E × B eastward drift. Thus, relative to the background ionosphere, the depletions drift westward as they rise, which accounts for the westward tilts of the plumes. Simulation studies by Zalesak et al. (1982) showed westward tilts of the depletions to be due to the assumed decrease of the flux-tube integrated Pedersen conductivity above h max (F 2 ) with increasing altitude. This decrease leads to a shear in eastward plasma drift, which is responsible for the westward tilt of the simulated bubble structure. An alternative mechanism was suggested by Anderson and Mendillo (1983) , which indicate that westward tilts are associated with eastward plasma drifts that decrease with altitude above F 2 peak and this shear results from an latitudinal decrease in zonal wind.
It is known that the eastward zonal wind results in the development of vertically downward polarization electric fields, through F-region dynamo, which in turn causes Fregion plasma drift. Thus, an increase in zonal wind with altitude will result in an increase in the eastward plasma drift with altitude. Haerendal (1980) deduced westward plasma flow in the lower F-region which reverses to eastward at higher levels, from vapor cloud release experiments, whereas radar measurements of plasma irregularities by Kudeki et al. (1981) and have shown positive shears, velocity increasing with altitude. Eastward tilts seen in our data suggest that tilts might be associated with the variation of plasma drifts with altitude, thus supporting the mechanism proposed by Anderson and Mendillo (1983) . This is further strengthened by the evidence of the existence of positive shears in the zonal winds with altitude which have been obtained using barium vapor release method during the onset time of ESF (Raghavarao et al., 1987; Sridharan et al., 1997) . Ionization hole campaign (Sridharan et al., 1997) conducted from SHAR on 19 February, 1993, revealed that zonal winds exhibit a positive shear of 2.2 ms −1 km −1 . Optical imaging results of 630 nm obtained from SHAR during the same night, but at a slightly later time, also display eastward tilts suggesting the existence of latitudinal increase in plasma drifts.
Drift velocity
The eastward drift velocity determined from our data lies in between the values at Cachoeira Paulista and Arequipa. This appears to be a manifestation of possible existence of a latitudinal variation in the zonal velocities which when projected in the equatorial plane would manifest as shear in the velocity. Abdu et al. (1985) reached the same conclusion by comparing zonal velocities obtained from TEC fluctuations with those derived from Jicamarca radar and VHF scintillations over Natal. Koparkar and Rastogi (1985) inferred eastward velocities of drifting patches using the scintillations of SIRIO and FLEETSTAT satellite signals to be in range of 100-150 ms −1 . Mendillo and Baumgardner (1982) studied the local time variation of drift velocity of 630 nm airglow depletion patches over Ascension Island (7.5
• S) and found that the drift velocity decreased from 190 ms −1 to 80 ms
at 0100 LT. Taylor et al. (1997) found drift velocities of the depletions to be approximately 80-100 ms −1 eastwards, prior to local midnight and reduced to a minimum of 30-50 ms −1 in the morning hours. There was no indication of drift reversal in our data, which has been observed by Weber et al. (1978) and Taylor et al. (1997) . Taylor et al. (1997) suggested this reversal to be related to the reversals in the F-region dynamo winds, possibly due to impulsive magnetic activity earlier in the evenings.
Plasma enhancement / brightness patterns
Plasma enhancements or brightness patterns were observed on three nights but the two events observed on the nights of 14 and 17 February were more intense and looked similar to a brightness wave. These feature appeared both in the southwest and north-east of zenith and were seen to drift eastwards, exiting from north east side of zenith. The brightness patterns persisted for a few tens of minutes. It is very interesting to note that the degree of plasma enhancements, on 14 and 17 February was much higher than the degree of depletion seen on these and other nights. The degree of enhancement was by a factor, which ranged between 1.4 and 3.8, whereas the maximum degree of depletion recorded in all the nights was only about 65%. Recently 'brightness wave' was reported during MISETA campaign (Mendillo et al., 1997a) which appeared as transient airglow structures seen in the airglow images recorded at Arequipa, Peru (16.4
• S). These were interpreted in terms of an anomaly associated with the thermal behavior of the upper atmosphere. Mendillo et al. (1997a, b) concluded that the brightness waves results from airglow produced by poleward winds generated by midnight pressure bulge, which is produced due to midnight temperature maximum (MTM). The brightness patterns observed by us could, in principle, be produced by similar mechanism. But in absence of simultaneous measurements of neutral temperature, it is not possible to guess whether such large enhancements, by a factor as large as 3.8, could be produced by the poleward winds alone. The reasons for an extended time period for the brightness patterns seen in our data, unlike the transient wave like behavior observed by Mendillo et al. (1997a) , and for sudden brightening of the entire image, have yet to be understood.
Summary
This paper has presented some new features of plasma depletions, which are large-scale structures associated with the phenomenon of equatorial spread-F. The characteristics of these depletions were studied over SHAR using an all-sky optical imaging instrument developed in PRL. Some important features of plasma depletions are: On 17 February, 1993, which was associated with a strong magnetic storm, IDD increased by a factor of 2 and became as high as 1600 km. This suggests that the gravity waves of auroral origin could be responsible for the modulation of bottom side of the Fregion as suggested earlier by Kelley et al. (1981) and by Hysell et al. (1990) . On the other three nights, where no magnetic disturbances were present, average IDD was in the range of 740 ± 60 km, suggesting that gravity waves having their origin in the lower atmosphere could be responsible for perturbing the bottom side during quiet periods.
A very interesting feature noticed is the tilt of plasma depletions which lies in the range of 10 to 15 degrees towards the east relative to geomagnetic field. It is to be noted that the magnetic declination over SHAR is ∼2.5
• W. However, this is in contrast to the earlier observations of Mendillo and Tyler (1983) which displayed westward tilts. Anderson and Mendillo (1983) tried to explain the westward tilts on the basis of eastward plasma drifts that decrease with altitude above F 2 peak. We conjecture that the eastward tilts of plasma depletion seen in our data are associated with the variation of plasma drifts with altitude. This is supported by the evidence of the existence of positive shears in the zonal winds (with altitude) which have been obtained using Ba vapor release method at the onset time of ESF.
Multiple depletions found in the airglow images are found to have varying degree of depletions. One of the interesting observations is that the east-west extent of the depletions varies with the degree of depletion. For 630 nm images, the degree of depletion ranges between 6% to 9% per 100 km east-west extent. In the case of 777.4 nm images, the degree of depletion is only about 3% per 100 km east-west extent. The present data shows that shallower depletions are associated with smaller zonal width as compared to deeper depletions. We believe that this is the manifestation of the fact that deeper depletions, characterized by large amplitudes, represent well developed irregularities while shallower depletions are representative of onset time irregularities.
The distance between adjacent depletions, the interdepletion distance (IDD) is representative of the scale size of the initial perturbation. IDD is found to vary between 400 km to about 1600 km. The separation between consecutive depletions on a magnetically disturbed night appears to be the first experimental evidence of the modulation of the bottom side of the F-region by gravity waves of auroral origin. It is also suggested that gravity waves, having their origin in the lower atmosphere, could be the seeding agency for generating modulation of the bottom side of the F-region on quiet nights.
On some nights, sudden enhancements in airglow intensity were seen very clearly in our data. This has some similarity to the 'brightness wave' observed by Mendillo et al. (1997a) during the MISETA campaign, which appeared as transient airglow structure in the airglow images and was interpreted in terms of MTM (Midnight Temperature Maximum). The important difference, the reason for which are not very clear at the moment, is that the brightness pattern seen in our data lasts for a few tens of minutes in contrast to the observations of during MISETA campaign, where only transient brightness patterns were seen.
Drift velocity of the plasma depletions was found to range between 40-190 ms −1 . The drift velocity was found to be highest (190 ms −1 ) around 2100 LT and showed a gradual decrease to about 40 ms −1 by 0100 LT beyond which the depletions became extremely weak. The general trend of the variation of drift velocity and the absolute values are in agreement with values available in the literature.
